Throughout biology, amyloids are key structures in both functional proteins and the end product of pathologic protein misfolding. Amyloids might also represent an early precursor in the evolution of life because of their small molecular size and their ability to selfpurify and catalyze chemical reactions. They also provide attractive backbones for advanced materials. When β-strands of an amyloid are arranged parallel and in register, side chains from the same position of each chain align, facilitating metal chelation when the residues are good ligands such as histidine. High-resolution structures of metalloamyloids are needed to understand the molecular bases of metal-amyloid interactions. Here we combine solid-state NMR and structural bioinformatics to determine the structure of a zinc-bound metalloamyloid that catalyzes ester hydrolysis. The peptide forms amphiphilic parallel β-sheets that assemble into stacked bilayers with alternating hydrophobic and polar interfaces. The hydrophobic interface is stabilized by apolar side chains from adjacent sheets, whereas the hydrated polar interface houses the Zn 2+ -binding histidines with binding geometries unusual in proteins. Each Zn 2+ has two bis-coordinated histidine ligands, which bridge adjacent strands to form an infinite metal-ligand chain along the fibril axis. A third histidine completes the protein ligand environment, leaving a free site on the Zn 2+ for water activation. This structure defines a class of materials, which we call metal-peptide frameworks. The structure reveals a delicate interplay through which metal ions stabilize the amyloid structure, which in turn shapes the ligand geometry and catalytic reactivity of Zn 2+ . magic angle spinning | metalloprotein | histidine | metal-peptide framework M etals are essential in enzyme catalysis and protein folding (1). Naturally occurring metalloenzymes possess complex 3D folds to coordinate the metal center with the appropriate geometries for catalysis. A classical example is carbonic anhydrase, where a zinc ion is coordinated by three histidines from two β-strands and a hydroxide ion to catalyze the hydration of carbon dioxide to form bicarbonate (2). It has been hypothesized that such enzyme structure and function might have evolved from short peptides that self-assemble into repeat structures (3-7), in which the metal ions played a significant role by stabilizing the amyloid structure as well as catalyzing reactions. Cu 2+ and Zn 2+ ions also bind amyloid proteins involved in neurodegenerative disorders at physiological concentrations of these ions (8)(9)(10)(11)(12)(13)(14). Structure determination of metal-bound amyloids is thus important for a fundamental understanding of the structural principles of amyloid formation.
Throughout biology, amyloids are key structures in both functional proteins and the end product of pathologic protein misfolding. Amyloids might also represent an early precursor in the evolution of life because of their small molecular size and their ability to selfpurify and catalyze chemical reactions. They also provide attractive backbones for advanced materials. When β-strands of an amyloid are arranged parallel and in register, side chains from the same position of each chain align, facilitating metal chelation when the residues are good ligands such as histidine. High-resolution structures of metalloamyloids are needed to understand the molecular bases of metal-amyloid interactions. Here we combine solid-state NMR and structural bioinformatics to determine the structure of a zinc-bound metalloamyloid that catalyzes ester hydrolysis. The peptide forms amphiphilic parallel β-sheets that assemble into stacked bilayers with alternating hydrophobic and polar interfaces. The hydrophobic interface is stabilized by apolar side chains from adjacent sheets, whereas the hydrated polar interface houses the Zn 2+ -binding histidines with binding geometries unusual in proteins. Each Zn 2+ has two bis-coordinated histidine ligands, which bridge adjacent strands to form an infinite metal-ligand chain along the fibril axis. A third histidine completes the protein ligand environment, leaving a free site on the Zn 2+ for water activation. This structure defines a class of materials, which we call metal-peptide frameworks. The structure reveals a delicate interplay through which metal ions stabilize the amyloid structure, which in turn shapes the ligand geometry and catalytic reactivity of Zn 2+ . magic angle spinning | metalloprotein | histidine | metal-peptide framework M etals are essential in enzyme catalysis and protein folding (1) . Naturally occurring metalloenzymes possess complex 3D folds to coordinate the metal center with the appropriate geometries for catalysis. A classical example is carbonic anhydrase, where a zinc ion is coordinated by three histidines from two β-strands and a hydroxide ion to catalyze the hydration of carbon dioxide to form bicarbonate (2) . It has been hypothesized that such enzyme structure and function might have evolved from short peptides that self-assemble into repeat structures (3) (4) (5) (6) (7) , in which the metal ions played a significant role by stabilizing the amyloid structure as well as catalyzing reactions. Cu 2+ and Zn 2+ ions also bind amyloid proteins involved in neurodegenerative disorders at physiological concentrations of these ions (8) (9) (10) (11) (12) (13) (14) . Structure determination of metal-bound amyloids is thus important for a fundamental understanding of the structural principles of amyloid formation.
NMR spectroscopy has been used to investigate metalloprotein structures by exploiting distance-dependent paramagnetic relaxation enhancement, contact shifts, and pseudocontact shifts of paramagnetic ions such as Cu 2+ and Co 2+ (15) (16) (17) . However, this approach cannot be applied to diamagnetic metals such as Zn 2+ , and direct observation of these quadrupolar nuclei is limited by low sensitivity (18) . Zinc, in particular, is abundant and essential in biology (19) ; thus, it is important to develop a systematic NMR approach for characterizing the inorganic cores of zinc metalloproteins. Solid-state NMR (SSNMR) is the method of choice for structure determination of amyloid fibrils, and high-resolution structures of a number of fibrils have been reported (20) (21) (22) (23) (24) (25) (26) (27) . However, the metal coordination geometries of amyloid fibrils have not been reported.
Here we present a solid-state NMR investigation of the structure of a designed zinc-binding amyloid fibril that catalyzes ester hydrolysis (5, 28) . We have determined the zinc coordination geometry and oligomeric structure of this fibril, which is formed by an amphipathic heptapeptide containing a pair of histidines. Intermolecular distance restraints show that the peptides assemble into hydrogen-bonded parallel in-register β-sheets with alternating dry and wet interfaces between adjacent β-sheets. The hydrophobic interface is stabilized by apolar side chains, whereas the hydrated polar interface houses an array of Zn 2+ -binding histidines. The 15 N and 13 C chemical shifts indicate that the two histidines in each peptide adopt singly Nδ1-coordinated and doubly Nδ1, Ne2-coordinated structures at equal populations, whereas measured side chain conformations reveal how the imidazole rings protrude from the β-sheet plane. Combining these solid-state NMR constraints with a structural bioinformatics search, we show that each zinc ion is coordinated by three histidine nitrogens from two adjacent strands, and half of all histidines bridge Zn 2+ ions, forming a metal-imidazolate
Significance
Functional and pathological amyloid fibrils bind metal ions, but no metal-bound amyloid structures have been determined. Using solid-state NMR and structural bioinformatics, we have determined the oligomeric structure and coordination geometry of a Zn
2+
-mediated amyloid fibril that catalyzes ester hydrolysis. The peptide assembles into parallel β-sheets in which histidines bridge zinc ions to promote β-strand association in a geometry that mediates water activation for catalysis. The study demonstrates an approach for determining the structures of metalloamyloids. The resulting structure defines how metal ions can stabilize amyloids, lends support to the hypothesis that amyloids can serve as well-structured intermediates between amino acids and proteins during the evolution of life, and provides a framework for potential applications in material science.
chain that is orthogonal to the direction of the β-strands. This study represents a structure determination of a metalloamyloid and demonstrates a systematic approach for solving the high-resolution structures of diamagnetic metalloproteins from SSNMR data.
Results and Discussion
We recently showed that an amphiphilic heptapeptide, Ac-IHIHIQI-CONH 2 , assembles into micron-length fibrils with high esterase activity (28) . The catalytic activity is strictly zinc-dependent, requires histidines at positions 2 and 4, and is enhanced by Gln at position 6 and by β-branched residues at odd-numbered positions. To simplify NMR assignments, we replaced the isoleucines in positions 3 and 5 with Val and Leu, respectively. These substitutions are expected to be well tolerated, given previous work on closely related peptides (5, 28) . Indeed, the resulting peptide Ac-IHVHLQI-CONH 2 (termed HHQ here) chosen for the SSNMR study forms fibrils that are very similar morphologically and chemically to the ones produced by Ac-IHIHIQI-CONH 2 . The peptides were fibrilized at pH 8 with varying Zn 2+ :peptide molar ratios. Transmission electron microscopy (TEM) and thioflavin T fluorescence data confirm that HHQ forms homogeneous fibrils with widths of 20-30 nm, and the Zn 2+ -bound fibrils catalyze p-nitrophenylacetate hydrolysis with an initial rate that fits to k cat = 0.034 s −1 and K M = 509 μM ( Fig. 1A and SI Appendix, Fig. S1 ), similar to the activity of the parent peptide.
HHQ Assembles into a Class 1 Steric Zipper with a Parallel Orientation of Adjacent Hydrogen-Bonded Strands. The conformation and intermolecular packing of HHQ fibrils are determined from 2D 13 C- 13 C correlation spectra ( Fig. 1 B-E and SI Appendix, Fig. S2 A-C). With 50-ms 13 C spin diffusion based on dipolar-assisted rotational resonance (DARR) mixing (29) , intraresidue cross peaks with characteristic β-strand 13 C chemical shifts are observed for all labeled residues. Zn 2+ binding perturbed the chemical shifts of V3 and L5, suggesting this segment to be the center of the zinc-binding domain (Fig. 1B) . With 300-ms combined R2 n ν -driven (CORD) mixing (30) under echo detection to simplify the spectrum, a mixed labeled fibril (sample 4, SI Appendix, Table S1 ) shows strong intermolecular cross peaks between V3 Cα and V3 C′ and between L5 Cα and L5 C′ (Fig. 1C) , indicating parallel-in-register (PIR) packing of the β-strands. In addition, an intermolecular L5 Cα-V3 C′ cross peak is detected, but only a very weak V3 Cα-L5 C′ cross peak is present. These L5-V3 peaks account for ∼20% of the total intensity and may result from a small amount of parallel-out-of-register strands or antiparallel strands. Such minor structural polymorphism has been observed for various amyloids (31), and we consider only the predominant conformation of the PIR β-strands below. This interpretation is also consistent with the experimentally measured binding stoichiometry, which is 0.75 Zn 2+ per peptide, somewhat less than 1.0 Zn 2+ per peptide, suggesting the presence of a minor conformer with reduced affinity for Zn 2+ . Having established the parallel registry of adjacent strands in the predominant conformer, we examined mixtures of peptides with different 13 C, 15 N-labeled residues to determine whether interacting sheets were oriented in a parallel or antiparallel fashion across the non-hydrogen-bonded sheet interface. Using samples 9 and 10 (SI Appendix, Table S1 ), we observed exclusively intermolecular cross peaks between V3 and I7 side chains and between I1 and L5 side chains in 15-ms 2D 13 C- 13 C proton-assisted recoupling (PAR) spectra (32) (Fig. 1D) , whereas no L5-I7 side chain contacts were detected. Thus, two adjacent β-sheets stack with the hydrophobic side chains facing each other and with the strands in an antiparallel orientation (Fig. 1E) . This cross-β structure, with parallel packing of β-strands within each sheet and antiparallel packing between sheets, has been termed class 1 steric zippers (33) . We speculate that it is stabilized by the C2 symmetry along the fibril axis, which allows two adjacent sheets to slide relative to each other to optimize the side chain packing. (35, 36) . One set of signals has a 174-ppm Ne2 chemical shift, indicating Nδ1-only coordination, whereas the other set shows both Nδ1 and Ne2 peaks at ∼210 ppm, indicating double coordination. The two coordination structures have equal intensities, but His2 retains ∼15% unbound signals, which is likely related to the minor conformation described above.
The equal presence of singly and doubly coordinated histidines is unexpected because naturally occurring Zn 2+ -His complexes in proteins predominantly involve singly coordinated histidines. We determined the histidine rotamers by measuring Cα-Nδ1 and Cδ2-Nα distances using frequency-selective echo double resonance (REDOR) (37) . The normalized REDOR intensities (S/S 0 ) as a function of mixing time ( Fig. 2 C and D) indicate a Cα-Nδ1 distance of 3.6-3.9 Å for both histidines, which constrains the χ 2 angle to trans. However, the Cδ2-Nα distances differ. For His2, the Cδ2-Nα distance is shorter in the singly coordinated form ( (ii) all His residues are coordinated to Zn 2+ via Nδ1, and in addition, half of the His residues are also coordinated to Zn 2+ via Ne2 (these singly and doubly Zn-coordinated His residues are equally populated); (iii) distinct His rotamers exist at positions 2 and 4 and depend on the coordination number; and (iv) Zn 2+ binds in a 1:1 metal ion/peptide ratio. Thus, on average, each Zn 2+ is coordinated by three His N ligands (two Nδ1 and one Ne2). These features allow for two possible Zn coordination structures of the amyloid, with a peptide dimer as the asymmetric unit (Fig. 4) . For any two adjacent PIR β-strands j and j + 1, feature ii dictates that His2 of strand j be singly coordinated if His2 of strand j + 1 is doubly coordinated. Likewise, His4 of strand j must be singly coordinated if His4 of strand j + 1 is doubly coordinated. Two possible Zn coordination configurations can arise from the combinatorics: S for His2 and S for His4 in strand j would lead to an SS/DD (j/j + 1) configuration, whereas S for His2 and D for His4 in strand j would lead to an SD/DS (j/j + 1) configuration. We devised a structural bioinformatics approach to eliminate the possibility of one of these two models (SS/DD), as well as to determine the plausibility of the remaining model (SD/DS). Although structural bioinformatics is widely used in protein structure determination and verification (38, 39) , it has been much less used for determining metal-protein coordination structure.
Our approach begins with identifying structural elements in the Protein Data Bank (PDB) that simultaneously satisfied features i-iv of the HHQ fibril above. Within a nonredundant database of the PDB, we searched for His residues with Nδ1 or Ne2 atoms within 2.5 Å of Zn. To satisfy feature i, we restricted these hits to His residues with β-sheet (ϕ, ψ) angles. To satisfy feature ii, we only considered His-Zn fragments with Nδ1 coordination because all His residues in HHQ coordinate Zn with their Nδ1 nitrogen. From this set of fragments, we only considered His-Zn fragments that satisfy the NMR-derived His rotamer constraints, thus satisfying feature iii. This search process resulted in distinct sets of His-Zn geometries from natural proteins that agree with all NMR constraints for His2 D (four sets total). These His-Zn fragments were superimposed via backbone atoms onto a PIR β-strand amyloid structure from the PDB at positions i and i + 2. This backbone superposition places the accompanying Zn atoms of the His-Zn fragments in space relative to the four His side chains of the dimer asymmetric unit. From this distribution, we sought a Zn coordination structure that is consistent not only with the experimental SSNMR data but also with the observed His-Zn coordination geometries from the PDB (SI Appendix, Figs. S5 and S6). We found that the SD/DS solution yielded excellent overlap between Zn distributions of Nδ1-coordinated His residues that were cross-strand (strands j, j + 1 as well as j, j − 1) and at the same A B D C residue position. Furthermore, although Ne2 ligation was not included as an explicit restraint, a single set of rotamers positioned the Ne2 of the third His in an optimal geometry for double coordination. The alternative configuration of SS/DD was eliminated as a possibility because it resulted in a Zn-binding geometry of doubly coordinated His residues that is far from those observed in a large set of nonredundant X-ray crystal structures and that is inconsistent with chemical principles known to determine Zn coordination geometries (40, 41) .
The resulting structure ( Fig. 5A and SI Appendix, Fig. S7 ) shows a singly and doubly coordinated histidine in each strand, with the side chains alternately pointing to the N terminus in the SD strand (mt rotamers) and the C terminus (tt rotamers) in the adjacent DS strand. -coordinated and hydrated histidine structures, together with the intermolecular Ile, Val, and Leu side chain contacts, indicate that the PIR β-strands assemble into bilayers whose interior consists of the hydrophobic Ile, Val, and Leu side chains from two apposing sheets, whereas the exterior is decorated by the polar His2, His4, and water, coordinating Zn 2+ (Fig.  5B) . Atomic force microscopy data (not shown) indicate that multiple bilayers can stack, stabilized by the hydrated polar interfaces (Fig. 5C ). The relative orientation of the strands bracketing the polar interface is not known and may be either parallel or antiparallel. In either case, the hydrated Zn 2+ ligand would appear well oriented to interact with substrates diffusing to sites on the surface of the fibril or hydrated sheets within the fibril.
The alternating dry and wet sheet-sheet interfaces resemble the steric zipper structures of crystalline peptide fibrils (44) , but the inclusion of an infinite chain of metal-ligand complexes establishes a different class of structures, which we name metal-peptide frameworks by analogy to metal-organic frameworks. This 3D assembly is held together by multiple interactions: hydrogen-bonding and metalligand interactions between β-strands, the hydrophobic effect, and polar water-mediated interactions. A similar topology of Cu 2+ bridging His residues on adjacent parallel β-strands has been inferred from scanning tunneling microscopy of a Cu This bridging-histidine stabilized amyloid fibril structure, heretofore unseen in naturally occurring proteins, may be important in prebiotic molecules for templating enzymatic functions and may also exist in neurodegenerative amyloids (46) to select for pathologically significant 3D folds, conduct redox functions, and regulate metal homeostasis. Determining the metal coordination structures should thus be useful for designing artificial catalysts and materials and might also have implications for the structural stabilities of neurodegenerative amyloids. Although metalloproteins harboring paramagnetic ions such as Cu 2+ have been studied with NMR (17), paramagnetic broadening makes the metal center difficult to detect. Thus, diamagnetic Zn 2+ -containing proteins represent advantageous alternative targets for structure determination of metalloamyloids and metalloproteins. The SSNMR approach of measuring backbone and side chain distances and chemical shifts that are indicative of coordination structures is generally applicable and can be used, as shown here, for the structure determination of other metalpeptide frameworks.
Methods
Peptide Synthesis. Ac-IHVHLQI-CONH 2 was synthesized on a 0.1-mmol scale using Fmoc solid-phase synthesis as described recently (47) and was purified by reverse-phase HPLC to >98% purity. Peptide mass was verified by MALDI-TOF mass spectrometry. A peptide stock solution in 10 mM HCl was prepared for subsequent biochemical and SSNMR experiments.
Transmission Electron Microscopy. HHQ peptide (3 mg) was dissolved in 8 M urea (450 μL) and incubated at room temperature for 15 min. Fibrilization was :peptide ratios of 0-4:1 were prepared for SSNMR experiments (SI Appendix, Table S1 ). Unless explicitly stated otherwise, most fibril samples were prepared using excess of zinc (∼1.5-fold) to ensure complete binding of the metal ions to HHQ. From the pH 2 peptide stock, fibrilization was initiated by diluting the stock in pH 8 Tris buffer with or without ZnCl 2 . The precipitates were collected by centrifugation. Additional fibrilization details are given in SI Appendix, Materials and Methods. Bioinformatics Search and Structural Modeling. We downloaded a representative single-chain PDB database from Dunbrack's PISCES server (48) , updated on November 11, 2016: cullpdb_pc50_res2.5_R1.0_d161111_ chains21454. The database contains 21,454 single chains from proteins with X-ray diffraction resolution of ≤2.5 Å and sequence identity ≤50%. We loaded this database into the Python-based bioinformatics program ProDy (49) . Within ProDy, we retrieved all histidines (along with i − 1 and i + 1 residues) that coordinate with Zn (His Nδ1 or Ne2 within 2.5 Å of Zn) (Fig.  4) . We filtered these by Nδ1-Zn coordination, motivated by the SSNMR data that showed that all His residues within HHQ have their Nδ1 atoms coordinated to Zn. We then filtered these three-residue + Zn fragments by His (ϕ, ψ) angles to select those fragments in β-sheets, as defined by −180°< φ < −45°and 45°< ψ < 225°(50). These fragments were further filtered and binned by the NMR-derived distance constraints (SI Appendix, Fig. S4 ). The number of fragments found for the singly coordinated His rotamer at position 2 was 35, and the number found for doubly coordinated was 6; the number found for the singly coordinated His rotamer at position 4 was 15, and the number found for doubly coordinated was 18. The His residues along with the coordinating Zn from these fragments were aligned by Cα, C′, N, and O backbone atoms onto positions i and i + 2 of a β-sheet amyloid structure (PDB code: 1YJP) and analyzed for overlapping Zn distributions and simultaneous satisfaction of doubly coordinated His (i.e., His Ne2 is also positioned in a geometry that coordinates Zn). The final model obeys all NMR constraints and yields a Zn:peptide ratio of 1:1. The bioinformatics search results were used to confirm the SSNMRrestrained structure, which was calculated in the CYANA software (51) and refined in Xplor-NIH (52) . Further details on the structural modeling are given in SI Appendix, Materials and Methods.
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Fibril preparation for solid-state NMR. Ten 13 C, 15 N-labeled fibril samples with Zn 2+ : peptide ratios of 0 to 4 : 1 were prepared for SSNMR experiments (Table S1 ). Unless explicitly stated otherwise, most fibril samples were prepared using an excess of zinc (~1.5-fold) to ensure complete binding of the metal ions to HHQ. From the pH 2 peptide stock, fibrilization was initiated by diluting the stock in pH 8 Tris buffer with or without ZnCl 2 . The precipitates were collected by centrifugation. For example, IVL-labeled HHQ fibrils (sample 2) were prepared by mixing 240 µL of stock solution containing 1.5 mg peptide with 3.68 mL of Tris buffer (25 mM
Tris, pH 8) containing 2 mM ZnCl 2 and 80 µL isopropanol. The mixture was incubated for 15 min before centrifugation at 30,000 rpm for 1 hr at 277 K to obtain the pellet. The corresponding apo sample (sample 1) was prepared similarly but without ZnCl 2 in the buffer.
Mixed labeled fibrils (samples 3, 4, 9 and 10) for determining intermolecular packing were prepared using a urea-based solubilization protocol to ensure complete mixing. The lyophilized peptide powders were dissolved in 10 mM HCl containing 8 M urea, the solutions were incubated for 15 min, then mixed and stabilized for 15 min. Fibril formation was initiated by diluting the combined solution 10-fold into pH 8 Tris buffer with or without zinc. After 5 min, the solution was centrifuged at 30,000 rpm for 30 min and then at 45,000 rpm for 1 hr. The pellet was washed with 4 mL buffer to remove urea, then centrifuged again at 45,000 rpm for 1 hr to obtain the fibrils. Samples 5, 6, and 8 were prepared similarly. Kinetic parameters of fibrils prepared with urea solubilization are indistinguishable from those prepared without urea, and EPR data (not shown) of Cu 2+ -bound peptide also show no difference between fibrils prepared without and with urea solubilization.
To prepare His2-labeled fibril with a 1 : 2 Zn 2+ : peptide ratio (sample 7), 5 mg peptide in 765 µL of 8 M urea was mixed with 7.5 mL Tris buffer with 0.3 mM ZnCl 2 . After centrifugation, the collected fibrils were washed with 4 mL Tris buffer containing 5 µM ZnCl 2 .
Solid-state NMR experiments. SSNMR spectra were measured on Bruker 800 MHz (18.8 Tesla) and 400 MHz (9.4 Tesla) spectrometers using 3.2 mm and 4 mm MAS probes. Typical radiofrequency (rf) field strengths were 70-83 kHz for 1 H decoupling, 50-62 kHz for 13 C and 36-39 kHz for 15 N pulses. 13 C chemical shifts are referenced to the methylene signal of adamantane at 38.48 ppm on the TMS scale while 15 N chemical shifts are referenced to the Met 15 N peak in the tripeptide N-formyl-Met-Leu-Phe-OH at 127.88 ppm on the liquid ammonia scale.
1D
13 C and 15 N spectra were measured at ambient temperature under 7.25-7.50 kHz MAS. 2D 13 C-13 C correlation spectra were measured under MAS frequencies of 7.25 to 14.5 kHz using four polarization transfer methods: dipolar-assisted rotational resonance (DARR) with 50 ms mixing (2), combined R2 n ν -driven (CORD) spin diffusion with 300 ms mixing (3), and protonassisted recoupling (PAR) (4) with 5 ms and 15 ms mixing at 1 H and 13 C field strengths of 47 kHz and 50 kHz, respectively. For the CORD experiment on sample 4 to measure backbone inter-strand contacts, an 8.8 ms spin echo was inserted before detection to suppress the overlapping signals of uniformly 13 C, 15 N-labeled His4 so that cross peaks among V3 and L5 residues can be measured unambiguously. A CORD xy4 pulse sequence was used (3) and the spinning speed was 14.5 kHz.
2D
15 N-13 C correlation spectra were measured using 0.50-0.55 ms REDOR for 13 C-15 N coherence transfer (5). 2D 1 H-13 C and 1 H-15 N correlation spectra for studying histidine hydration were measured at 273 K using Lee-Goldburg (LG) CP for polarization transfer and contact times of 150 µs for 13 C and 2.5 ms for 15 N (6). An FSLG sequence (7) with an 80 kHz transverse field was used for 1 H homonuclear decoupling during the evolution period. Histidine N-H distances were measured using a dipolar-doubled 2D 15 N-1 H DIPSHIFT experiment (8) under 5 kHz MAS at 243 K, with FSLG for 1 H homonuclear decoupling. Time-domain data were fitted to obtain the apparent couplings, which were divided by the FSLG scaling factor 0.577 and the doubling factor to obtain the true couplings for calculating the N-H distances.
Histidine Cα-Nδ1 and Nα-Cδ2 distances were measured using frequency-selective REDOR (9) under 7.25-7.50 kHz MAS. The selective 13 C 180˚ pulse suppresses 13 C- 13 C scalar couplings while the selective 15 N 180˚ pulse inverts the nitrogen spin of interest without interference from directly bonded Nα (to Cα) or Nε2 (to Cδ2). The 13 C and 15 N Gaussian 180˚ pulse lengths ranged from 552 to 828 µs while the hard 15 N 180° pulse lengths were 13-14 µs. The REDOR experiments were conducted at 268 -273 K where the imidazole rings are immobilized, as verified by Cδ2-Hδ2 and Cε1-Hε1 dipolar couplings.
C-
15 N REDOR fitting. 13 C spectra were measured with (S) and without (S 0 ) 15 N pulses to give the dephased and control spectra, respectively. The intensity ratio, S/S 0 , was fit using the software SIMPSON (10) to obtain the 13 C-15 N distances. The His4 Cα signals were deconvoluted using the Dmfit program to remove resonance overlap with Leu5 Cα (11). Intensity scaling factors of 82% and 85% were applied to the simulated curves for His2 and His4, respectively, to compensate for natural-abundance 13 C intensities and pulse imperfections. These scaling factors were measured from the minimum S/S 0 value of Cα and Cδ2 peaks when they are dephased by their directly bonded Nα and Nε1, respectively. To fit the Cα-Nδ1 dephasing of singly coordinated His2, another scaling factor of 75% was applied to compensate for the 25% contribution of apo His2 because the His2 Cα peak (53 ppm) is a superposition of 75% singly coordinated and 25% apo residues. For the Cα-Nδ1 REDOR data of doubly coordinated His2 and His4, the Nδ1 and Nε2 peaks overlap at 211 ppm and simultaneously dephase Cα. Thus we fit the Cα-Nδ1 dephasing using a three-spin system in which the Cα-Nε2 distance was fixed to 4.4 Å while the angle between the Cα-Nε2 and Cα-Nδ1 vectors was fixed to 29˚. The Cα-Nδ1 distance was varied to obtain the best fit.
His-Zn distance and angle distributions for NMR structure refinement. We used our PDB database to create updated distance and angle distributions of Zn-His pairs (Fig. S5) (12) . The His N-Zn distance distributions were used as constraints in the NMR structure refinement, and the angle distributions were used to confirm the final model. We created up-to-date χ1-χ2 distributions for all histidines coordinating with Zn in our database (1577 total histidines). We analyzed χ1-χ2 by Zn-His N coordination dependence as well as by His backbone dependence (Fig. S6) .
Di-Zn
2+ Imidazolate angles from bioinformatics search. 14 proteins in our PDB database were found to contain a Zn-His-Zn imidazolate motif in a single chain. The Zn -His(Ring Centroid) -Zn angles of these imidazolates ranges from 112°-144° (mean 133.3°, standard deviation, 9.5°) which are listed as following: 143° (1B0N, chain A), 137° (1CY5, A), 120° (2BYO, A), 125° (3B4N, A), 133° (3PHX, A), 140° (3U24, A), 144° (4C6F, A), 125° (4C98, A), 133° (4KJM, A), 112° (4PXY, A), 135° (4U06, A), 139° (5A7M, B), 139° (51OG, B), 141° (7MDH, A), (PDB code, chain). The Zn -His(Ring Centroid) -Zn angles of the NMR structure of HHQ are within the above range. As defined in Fig. S5 for monovalent His residues, the mean α angle, β angle, and Zn-N distance of the divalent imidazolate residues in the PDB structures listed above are, for Nδ1-Zn, 183 ± 8°, 4 ± 23°, 2.1 ± 0.17 Å, respectively, and, for Nε2-Zn, 188 ± 13°, -7 ± 17°, 2.1 ± 0.18 Å, respectively. These values lay within the distributions of those shown for monovalent His residues in Fig. S5 , supporting our use of monovalent His distributions to model divalent His residues of HHQ.
Structure modeling and refinement. The final SSNMR-restrained structure was built in two steps. The first step started with the backbone conformation of a previously described model, which assumed one Zn 2+ for a pair of chains (1) . Since the SSNMR and binding data indicate that the major conformer has one Zn 2+ per chain, with equal populations of singly Nδ1-coordinated and doubly Nδ1, Nε2-coordinated histidines, we examined a number of ligand combinations, but only one gave reasonable bond angles, distances and agreement with the bioinformatics model (Fig. S7B ). This structural model was calculated in the program CYANA (13) using simulated annealing by molecular dynamics in torsion angle space. 100 structures were calculated for a bilayer that contains six β-strands per sheet. The molecule in every other strand is kept symmetric. For parallel packing of β-strands, inter-strand hydrogen bonds were set between O/N of residue i in strand A and N/O of i+1/i-1 residue in the neighboring strand B. The distance between neighboring Cα atoms from the same residue was kept as 4.87 Å, which is the characteristic inter-strand spacing in the cross-β motif. To maintain in-register alignment along the fibril axis, the distance between Cα atoms from the same residue in the first and the sixth strands was kept as 24.35 Å (= 4.87 × 5). The distance between the Cβ atoms of Ile1 and Ile7 of the opposite strand in the other sheet was set as 5.3-7.3 Å, which keeps the spacing between adjacent β-sheets at ~10 Å. The Zn-N distance was set at 1.8-2.3 Å. One water molecule per Zn was added to maintain the tetrahedral coordination geometry by setting the Zn-O distance at 1.8-2.3 Å and the O-N distance at 3.5 Å. The backbone ϕ and ψ angles of each residue were set to the ranges of [-165°, -105°] and [105°, 165°], respectively. The result of this calculation with the lowest target function is shown in Fig. S7B , which is confirmed by the bioinformatics search (Fig. S7C) . Two other zinc-binding locations with different combinations of His2 and His4 structures were also tested, but did not give as good agreement with NMR restraints or agree with the bioinformatics search result and were therefore discarded.
In the second step, we refined the above structural model in Xplor-NIH (14) using the experimental solid-state NMR restraints, including backbone torsion angle of His2, Val3 and His4 (Fig. S7A) , intra-histidine distances (Fig. S4C) , and intermolecular distance constraints ( Table S3 ). The measured (φ, ψ) angles have tight uncertainties of ~10° while the (φ, ψ) angles of the other residues were taken as classic β-strand values with 30˚ uncertainties. Standard potentials that define bond lengths, bond angles, and atomic radii, as well as torsion angle database (torsionDB) and hydrogen bond (HBDB) potentials were used. To keep the β-sheet flat, two torsion angles consisting of four Cα atoms from the first and sixth strands of the same sheet were set as 0°. These are His2 1 Cα -His2 6 Cα -Gln6 6 Cα -Gln6 1 Cα, and His2 6 -Gln6 6 -Gln6 1 -His2 1 , where the subscript indicates strand number. The relative positions of two β-sheets in a bilayer were constrained by intermolecular cross peaks measured in PAR spectra for samples 9 and 10. In particular, 17 unambiguous inter-sheet experimental distance restraints, between V3 and I7, and between I1 and L5 (Table S3) , were used. We also applied the distance restraints in the above CYANA calculation, except that the Zn-N distance was modified to be 2.0-2.2 Å based on the statistics found in the bioinformatics search (Fig. S5) . Two weak artificial restraints were applied to the histidines: the Zn-Nε2/Nδ1-Cδ2 angels were set as 125° with a force constant of 40 kcal mol -1 rad -2 .
Inputting all these restraints, we refined the structure by simulated annealing by slowly cooling the structure obtained from the first step from 3000 K to 20 K. Each sheet has 6 strands and every other strand in the same sheet has nearly identical non-crystallographic symmetry (NCS) restraints. NCS restraints also were applied to the strands that are directly opposite each other in the two sheets. 20 lowest energy structures were selected and the lowest energy structure was shown in Fig. 5 . There were no violations in distance restraints larger than 0.5 Å for hydrogen bonds and artificial distance restraints, and 0.15 Å for experimental ones, and no violations in torsion angles larger than 1.5° for residues 2-4 and 5° for other residues. In addition, no angle violations are greater than 5° and no bond violations are greater than 0.05 Å. Structure calculation statistics are summarized in Table S4 . 13 C-13 C correlation spectra of mixed V3, I7-labeled and L5-labeled fibrils at 5 ms and 15 ms PAR mixing. Short-range intraresidue cross peaks are assigned in blue, inter-residue cross peaks indicative of antiparallel β-sheet packing are assigned in red, and inter-residue cross peaks that do not uniquely determine the orientations of adjacent β-sheets are assigned in grey. Selected 1D cross sections from the 15 ms PAR spectrum are shown on the right. Shaded blue areas indicate the absence of L5-I7 sidechain cross peaks, which rule out the parallel β-sheet alignment. (C) 2D 13 C- 13 C PAR correlation spectra of mixed I1, L5-labeled and V3-labeled fibrils at 5 ms and 15 ms mixing. Selected 1D cross sections of the 15 ms spectrum are shown on the right. The same color scheme as in panel B is used for cross peak assignment. Multiple V3-I7 and I1-L5 sidechain cross peaks are observed, indicating that adjacent β-sheets orient in the antiparallel fashion. (D) 2D 13 C-13 C and 15 N-13 C correlation spectra of His2-labeled fibrils with 1 : 2 Zn 2+ : peptide molar ratio. Singly (blue) and doubly coordinated (red) imidazoles have similar intensities and each represents ~1/3 of the total intensities, indicating that both coordination motifs are essential for Zn 2+ binding. (E) α-helical His residues satisfying Nδ-Zn distance ≤ 2.5 Å. (F) α-helical His residues satisfying Nε-Zn distance ≤ 2.5 Å. β-sheet φ, ψ values were defined as −180° < φ < −45° and 45° < ψ < 225°. α-helical were defined as −180° < φ < 0° and −100° < ψ < 45°. 
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